Abstract Effects of cytochalasins B and D (CB, CD) were examined for the contractions of the longitudinal myometrium of pregnant rat exposed to Krebs solution, 40 mM K Krebs, and Ca-free (40 mM K) solution containing 5 mM Mg. The Ca-free contraction was evoked by applying 3 mM ATP. Application of CB caused a prompt inhibition of the contractions: 3 µM CB depressed the twitch contraction generated in Krebs solution by 12%, the K-contracture by 6%, and the ATP-induced contraction in the Ca-free solution by 59%. CD (3 /1M) depressed the Kcontracture by 31%, and the ATP-induced contraction in the Ca-free solution by 81%. CB and CD in 3 ,uM hyperpolarized the membrane and depressed the generation of action potential. From the above results, it was discussed that depressant effects of cytochalasins on twitch contractions in Krebs solution are at least in part due to the depression of membrane excitability, whereas contractions evoked in high K solutions are depressed by cytochalasins due to their effects on cytoskeleton.
and La, and the amplitude of the contraction increased as the exposure to the Cafree solution was prolonged (OsA and MARUTA, 1987a, b) . Therefore, some contractile process independent of Ca utilization was suggested for such a contraction; details remain far from full understanding.
The present experiment aimed, first, to delineate further the characteristics of ATP-induced contraction generated in Ca-free medium. For this purpose, the influence of cytochalasin B and D, destructive agents of microfilament (STOSSEL, 1978; WEIHING, 1978; SCHLIWA, 1982) , on twitch contraction, K-contracture and ATP-induced contraction was investigated. Second, comparative effects of adenosine derivatives on the mechanical responses generated in normal Krebs solution, and 40 mM K Krebs were examined. Results obtained together with membrane and contractile responses suggest that inhibitory effects of cytochalasins on contractions depend on the inhibition of action potential on the one hand, and on the effects of these agents on the cytoskeleton on the other hand.
METHODS
Wistar rats pregnant for 19-20 days, Day 1 being the day when the sperms were found in the vaginal smear, were stunned and bled. The ovarian portion of the uterus was dissected out, and longitudinal muscle strips (0.3-0.5 mm wide and 3 mm long) were isolated from the antimesometrial part under a microscope. The tension recording was done by means of U-gauge (Kyowa). The preparation was horizontally mounted in a chamber (0.8 ml in volume), superfused with bathing solution, and the temperature of the organ bath was kept at 33-34°C. Electrical stimulation (30-50 ms, supramaximal strength) was applied by Ag-AgCI electrodes. Intracellular recording of membrane potential was made by a glass microelectrode filled with 3 M KC1. The preparation was placed in a partition chamber as described by ABE and TOMITA (1968) . Muscles were stabilized with Krebs solution for 2-3 h before the experiment.
Compositions of the solutions mainly used are listed in Table 1 . Compositions of other solutions are described in the text.
Normal Krebs solution and 40 mM K Krebs solution (pH 7.4) were aerated with 95°002 + 5°0C02, and the Ca-free solution (pH 7.4) was aerated with 100 02. Drugs used were adenosine triphosphate (disodium salt, ATP; Mg salt, MgATP; /3, y-methylene-ATP), adenosine diphosphate (sodium salt, ADP), adenosine monophosphate (AMP), adenosine, and cytochalasin B and D. All drugs were purchased from Sigma. Cytochalasins were dissolved in dimethyl sulfoxide (DMSO) to be 10-2 M, and diluted with the bathing solutions. The concentration of DMSO in the bathing solution was less than 0.3°c. The EGTA (GEDTA) was purchased from Tokyo Kasei, and titrated with tris(hydroxymethyl) aminomethane.
RESULTS
Effects of cytochalasins on the contractile and membrane activities It was shown in a previous report that ATP induced a maintained contraction in the longitudinal myometrium of pregnant rat which was exposed to Ca-free solution (OsA and MARUTA, 1987b) . It was attempted in the experiment shown in Fig. 1 to compare the effects of adenosine derivatives (3 mM) added to the Ca-free solution (see METHODS for composition). The muscle strips were stabilized with Krebs solution to produce a consistent size of twitch contractions in response to electrical stimulation, then were exposed to Ca-free solution. Because the amplitude of the ATP-induced contraction developed by prolonged exposure to Ca-free solution, ATP and other adenosine derivatives were applied alternately with 40-min interval. Results shown in Fig. lA and B indicate that MgATP could induce a contraction, but was slightly less potent than ATP. ADP was also able to produce a contraction in Ca-free solution, AMP was least potent, and adenosine was unable to produce the maintained contraction (Fig. 1B) . f,y-Methylene-ATP induced a maintained contraction with smaller amplitude (Fig. 1C) . The relaxation became incomplete when the application of drugs was repeated. ATP was used as an agonist in the following experiments because of its strong potency. Figure 2 illustrates the dose-dependency of inhibitory effects of cytochalasin B (CB) on the ATP-induced contraction generated in Ca-free solution. CB was slightly effective in 1 /2M, and markedly effective in 10 /LM in producing the contractile depression (Fig. 2C, D) . The recovery after the removal of CB was rapid. The amplitude of ATP-induced contraction became larger by 287-min exposure to the Ca-free solution (Fig. 2E vs. D) . CB in 30,uM caused a strong depression of the ATP-induced contraction (Fig. 2F ). It may be noticed regarding record F that the degree of depression by CB could be larger than apparently observed, because the ATP-induced contraction would have been increasing during the application of ATP (cf. Fig. 2E) .
Examples of the effects of CB (3, 10 µM) on evoked twitches in Krebs solution (Fig. 3A) , K-contracture (Fig. 3B) , and ATP-induced contraction (Fig. 3C) , and the statistical measurements (right panel) are illustrated in Fig. 3 . The inhibitory effects reached a steady state by application of CB for about 12 min in Krebs and 40 mM Krebs solutions, whereas the contractile depression by 3µM CB was still progressing in the ATP-induced contraction 12 min after the application. It is shown in the graph that the strongest depression was caused by CB in the ATP-induced contraction. It is also noted that an average response of twitches to 10 pM CB was a potentiation. Twitch contractions evoked in Krebs solution were in some cases potentiated by CB with higher concentration (Fig. 4A) . The effects of DMSO (1 %) on twitch contraction were negligible. At a steady condition, 3 ,uM CB caused a depression, whereas 10 and 30pM CB caused a potentiation. Examples of the membrane response to CB are illustrated in Fig. 4B and C. The membrane was transiently depolarized and the amplitude of spike potential augmented when 3 pM CB was applied, then the membrane started to hyperpolarize and the amplitude of spike potential decreased (Fig. 4Ba) . The recovery process is shown in record Bb. When 10ILM CB was applied to the same preparation, the membrane was hyperpolarized, whereas the amplitude of spike potential increased (Fig. 4Ca) . The membrane was depolarized to the control value when 10 µM CB was removed, and burst discharges were produced in this particular case (Fig. 4Cb) . In this way, effects of CB on twitch contraction appear to depend on changes in excitability. It was reported in a previous paper that the longitudinal myometrium underwent a maintained contraction in the Ca-free solution which contained Mg, when the external K was raised to 40 mM (OSA and MARUTA,1987b) . The amplitude of the maintained contraction increased apparently depending on the external Mg concentration. Effects of CB on such a maintained contraction were examined in the experiment shown in Fig. 5Ab . The muscle strip was superfused with Ca-free solution containing 1 mM Mg and 5.9 mM K (for detail, see legend' of Fig. 5 ), and then exposed to the Ca-free solution containing 40 mM K (Fig. 5Aa) . A maintained contraction of small amplitude was generated, and 3 /2M CB depressed the contraction nearly completely. The amplitude of the maintained contraction was larger by the second trial of the 40 mM K (Ca-free) solution containing 10 mM Mg (Fig.  5Ab ). The application of 3 /IM CB initially caused a depression of the maintained contraction; however, the muscle tension tended to develop, and continued to increase even after the removal of CB, then turned to decay when the external K concentration was reduced to 5.9 mM. Similar experiments were done for ordinary K-contracture (Fig. 5B ). Records Ba and Bc are the first and second controls, where the cumulative effects of 3 and 1 0 µM CB on the K-contracture evoked in the presence of 1 mM Mg are demonstrated. The K-contracture evoked in the presence of 10 mM Mg was more strongly inhibited by CB (Fig. 5Bb) . In contrast to the record Ab, CB exerted an inhibitory effect as long as it was present in the 40 mM K Krebs solution.
To compare with CB, effects of cytochalasin D (CD) on contractile and membrane activities were examined in Krebs solution (Fig. 6) . Twitch contractions evoked by electrical stimulation were depressed by 3 JIM CD, and the recovery was incomplete even after a 60-min rinse with Krebs solution (Fig. 6A ). CD in 10 JIM depressed the twitch contractions more strongly, and the recovery occurred slowly. The membrane responses to 3 and 10 JIM CD are shown in Fig. 6Ba and Bb. In this preparation, the membrane was spontaneously quiescent, and a single or several spike potentials were generated by electrical pulses with 50 ms duration. When burst discharge was evoked in control solution, a generation of slow potential underlied. The membrane hyperpolarized gradually, and the amplitude of spike potential increased during the early period of 3 IM CD application; the final effect was the depression of spike potential (Fig. 6Ba) . The amplitude of spike potential was a little further decreased by raising CD concentration to 10 JIM (Fig, 6Bb) . It is also noticed that the burst discharge was not generated in the presence of CD. In view of these records, mechanical effects of CD in Krebs solution appear largely dependent on the changes in membrane excitability, besides the well-known effects of CD on microfilament (STOSSEL, 1978; WEIHING, 1978; SCHLIWA, 1982) . The K-contracture was strongly depressed dose-dependently by CD in 3 and 10 µM, and the depressed state continued after 10 JiM CD was removed (Fig. 7Aa) . Furthermore, the amplitude of the K-contracture remained still depressed when it was evoked after 1-h superfusion with Krebs solution (Fig. 7Ab) . Next, comparative effects of CB and CD on the ATP-induced contraction generated in the Ca-free solution were examined in the experiment shown in Fig. 7B . At the initial trial, 10 µM CB depressed the ATP-induced contraction as long as CB was present in the ATP-containing solution (Fig. 7Ba) . The amplitude of the ATP-induced contraction secondly generated was larger than before (Fig. 7Bb) . CB in 10 JIM depressed the ATP-induced contraction at first; however, the muscle tension rose again. This feature resembles the one shown in Fig. 5Ab . CD in 10 JIM abolished the ATP-induced contraction, and the depression lasted as long as CD was present in the stimulating solution (Fig. 7Bc) . It was a usual observation that the amplitude of the ATP-induced contraction increased as the exposure to Ca-free solution was prolonged (cf., Figs. 1, 2) . However, in the case of record Bd, the amplitude of the ATP-induced contraction was very small, which was probably due to the previous application of CD. Examples of the effects of 3 ,uM CD on the K-contracture (Fig. 8A ) and on the ATP-induced contraction (Fig. 8B) , and the statistical results (right panel) are illustrated in Fig. 8 . It is shown in the graph that 3 JIM CD caused a stronger depression in the ATP-induced contraction than in the K-contracture. Compared with the results shown in Fig. 3 , CD is proved to be a more potent inhibitor.
As shown in Fig. 5A , a maintained contraction could be evoked in the Ca-free solution when the external K was raised from 5.9 to 40 mi. Effects of CB and CD on such a maintained contraction are shown in Fig. 9A . The amplitude of the contraction was very small at the first trial of 40 mM K, and the effects of 3 JIM CB were unmeasurably small (Fig. 9Ab) . By the second trial of 40 mM K, a maintained contraction was generated (Fig. 9Ac) , and 3 JIM CB depressed the contraction at first, but the muscle tension was gradually elevated again (Fig. 9Ab, left) . A contraction developed further when CB was removed, then the next application of 10 µM CB initially depressed the contraction; however, the muscle tension rose again in spite of the presence of l0 µM CB. Successive application of l0 pM CB caused a slight depression of the contraction, and finally 10 pM CD was incapable of producing the depressant effect. Fig. 9 . Effects of CB and CD (A), and glucose (B) on K-contracture generated in the Ca-free solution. In A, the muscle strip was equilibrated with Krebs solution and twitch contraction was examined, then equilibrated in the solution containing 107 (mM) NaCI, 5.9 K, 11.5 glucose, 12.6 Tris maleate, 2 EGTA, and 1 MgCl2 (Aa). Broken lines (Ac, Ad) indicate the muscle tension level in this solution. Forty mM K solution was applied during the time indicated by horizontal lines drawn at the bottom (Ab, Ac, Ad). Application of CB or CD is indicated by arrows, and the concentrations are shown in pM. Ad is the successive record of Ac. In B, the muscle strip was exposed to the Ca-free (5.9 mM K) solution of the same composition as A, and 40 mM K solution (no glucose) was applied during the time indicated by horizontal line at the bottom. Figures in parentheses indicate the time (in min) after the exposures to the Ca-free solution. In Bc, 11.5 mM glucose was administrated during the time indicated by the bar drawn on the top. Record C shows the effects of 11.5 mM glucose on the K-contracture generated in the 40 mM K Krebs solution in which glucose was omitted.
The muscle strip was incubated with the Ca-free solution (5.9 mM K, see legend of Fig. 9 for composition) , and the Ca-free contractions were generated by the application of 40 mM K solution which did not contain glucose (Fig. 9B) . The amplitude of the Ca-free contraction (40 mM K) increased as the exposure to the Cafree solution (5.9 mM K,11.5 mM glucose) was prolonged (from Fig. 9Ba to Bc). The Ca-free contraction declined when 11.5 mM glucose was added, and developed again when glucose was removed (Fig. 9Bc) . A K-contracture was evoked by 40 mM K Krebs which did not contain glucose (Fig. 9C) . The tonic contraction was enhanced when 11.5 mM glucose was added.
Comparative effects of adenosine derivatives on the contractile and membrane activities It was described that ATP and ADP were most potent to generate contractions in the Ca-free solution (Fig. 1) . In the following, effects of adenosine derivatives (1 mM) on the contractions evoked in the Ca-containing solution were examined. In normal Krebs solution, the muscle tension rose strongly, and phasic contractions were generated when ATP or ADP was applied ( Fig. IOAa and Ab) . In contrast, the twitch contraction diminished in amplitude when AMP or adenosine was applied ( Fig. IOAc and Ad) . Phasic contractions of larger amplitude were elicited when adenosine was removed (Fig, IOAd) . The muscle tension was not elevated, but phasic contractions of large amplitude were evoked when f3,y-methylene-ATP was applied (not illustrated). The tonic contraction of a consistent amplitude was maintained during 2-h exposure of the muscle strip to 40 mM K Krebs solution, and effects of adenosine derivatives (1 mM) were examined (Fig. 1 OB) . It is shown that ATP depressed the Kcontracture, whereas ADP, AMP, and adenosine enhanced the K-contracture, adenosine being the most potent. The effect of MgATP was somewhat complicated; the contracture was initially potentiated, then gradually depressed, and the Kcontracture was further depressed when MgATP was removed.
The potentiation of K-contracture by adenosine was a strange finding because it has been shown that the activation of adenosine receptor increases intracellular cyclic AMP in several tissues (FAIN and MALBON, 1979) , and cyclic AMP is known to depress contractions in myometrium and other smooth muscles (BULBRING and TOMITA, 1987) .
Effects of ATP and adenosine on membrane activity are illustrated in Fig. 11 . The membrane was quiescent in this preparation, and responded by a generation of single spike potential to electrical stimulation. The membrane was depolarized by 15 mV when 1 mM ATP was applied, and spike discharge was continuously generated (Fig. 11A) . The amplitude of spike potential was decreased by the application of 1 mM adenosine, the membrane was progressively hyperpolarized, and the amplitude of spike potential was more reduced (Fig. 11 Ba) . Recovery process is shown in record Bb. Thus, changes in membrane excitability are in accord with the mechanical effects of these agents in the Krebs solution (Fig. l0A) . EGTA-resistant contraction. Contractions can be evoked in Ca-free media in various smooth muscle tissues including blood vessels, vas deferens , and stomach (DETH and VAN BREEMEN, 1977; CASTEELS et al., 1981; ASHOORI and TOMITA, 1983; ITOH et al., 1983; BOND et al., 1984; AsxooRl et al., 1986) , when agonists are applied . Such contractions are also shown to occur in myometrial smooth muscle (see introduction for references). In the present study, adenosine derivatives were used as agonists, and it was shown that the order of capability in generating the contraction in the Ca-free solution was as follows: ATP > ADP >_ MgATP > /3,y-methylene-ATP > AMP > adenosine (Fig. 1) . Therefore, phosphates are necessary, but high energy bond does not appear indispensable for the generation of the Ca-free contraction.
Some investigators assume an intracellular Ca recycling, while others assume a Ca-independent process for the agonist-induced contraction in Ca-free solution . In respect to the latter, it may be stressed that the amplitude of agonist-induced contractions increases progressively by prolonged exposure to Ca-free solution for longer than 20 h in the cases of vas deferens (ASHOORI and ToMITA , 1983) , rat myometrium (ASHOORI et al., 1985) , and guinea pig stomach (ASHOORI et al ., 1986) . Progressive increase of the ATP-induced contraction due to prolonged exposure to Ca-free solution is also indicated in the present experiment (Figs . 1, 2) . AA dependence of such Ca-free contraction on Mg-influx was recently proposed for the canine gastric muscle (FILIPPONI et al., 1987) and rat myometrium (OsA and MARUTA, 1987b) . According to the nomenclature of FILIPPONI et al . (1987) , such a contraction will be called EGTA-resistant contraction hereafter .
Since it has been generally accepted that a formation of Ca-calmodulin complex plays a key role for the phosphorylation of myosin light-chain kinase , hence triggering a contraction in smooth muscle (WALSH and HARTSHORNE , 1982) , what a proposed Mg-influx does with calmodulin is a question which remains to be answered. It was reported that W-7, a calmodulin antagonist , strongly inhibited the EGTA-resistant contraction (ASHOORI et al., 1985; OsA and MARUTA, 1987a) .
Effects of cytochalasins. Despite constraints of the putative involvement of Mg for EGTA-resistant contraction, effects of cytochalasins deserve a consideration from another point of view. One hypothesis for the effects of cytochalasins is that the molecular site of action is on contractile microfilaments , and this idea permits the cell physiologists to relate many cell functions to contractile proteins (STOSSEL , 1978) .
Contractions of taenia coli, vas deferens of guinea pig, and rat myometrium evoked in Krebs solution by applying AC field stimulation were inhibited by CB (MARUYAMA et al., 1973) . This observation led the authors to conclude that the inhibitory effect of CB was acting on the contractile filament system . On the other hand, CB (20 µM) blocked the contractile response to Ca in partially depolarized rabbit aortic strip, and this effect was assumed to be due to blockade of glucose transport (DRESEL and KNICKLE, 1987) . It was unexpectedly found in the present experiment that CB and CD in 3 [IM hyperpolarized the membrane and depressed the amplitude of spike potential (Figs. 4, 6) . Therefore, the contractile depression is at least in part due to changes in membrane excitability. On the other hand, 101M CB hyperpolarized the membrane, while the amplitude of spike potential increased (Fig. 4C) , which was the observation in accord with the average potentiation of twitch contractions evoked in Krebs solution (Fig. 3) . For the above reason, it seems sound to examine the inhibitory effects of cytochalasins for the contractions generated in high K solution.
A depolarization by CB or CD application is reported for the silk gland cell (SAs xI and NAKAGAKI, 1980) , in contrast to a hyperpolarization described herein. The ionic nature of the changes in membrane response remains to be investigated.
It is described in a textbook that cytochalasins do not affect muscle contraction, which does not involve the assembly and disassembly of actin filament (ALBERTS et al., 1983 ). This statement is likely the case for mature skeletal muscle, but the present results indicate that both the K-contracture and the EGTA-resistant contraction were depressed by CB and CD. The inhibitory effect of CD was straightforward, and this will be first discussed. A Ca-influx occurs and/or free Ca is mobilized from store sites when the membrane is depolarized or agonists are applied, and contraction is generated utilizing the contractile machinery composed of actin and myosin filaments (WALSH and HARTSHORNE, 1982; SOMLYO, 1985) . As for the EGTA-resistant contraction, details about the triggering mechanism and contractile machinery remain to be studied. It could be only said that filaments interact, and contraction occurs. CD would have depressed the contraction because CD inhibited the polymerization of actin filaments, according to the present view of CD (and CB) action as evidenced by biochemical as well as morphological investigations on contractile tissues including non-muscle cells (STOSSEL, 1978; WEIHING, 1978) .
Studies in recent years have indicated the existence of a number of proteins associated with, and modifying the state of, actin in muscle and non-muscle cells (KORN, 1982; SCHLIWA, 1982; WEEDS, 1982) . Actin filaments of longitudinal myometrium do not seem to be a rigid structure, but seem to grow or decompose, depending on intracellular signals. It is speculated that actin filaments may develop under the influence of Mg and extracellular ATP, and in some way the EGTAresistant contraction is generated. It was noticed that the EGTA-resistant contraction induced by ATP was more strongly depressed by 3 µM CD than the Kcontracture generated by 40 mM Krebs solution (Fig. 8) . It is then hypothesized that the actin filaments which are related to the EGTA-resistant contraction are more labile, and susceptible to CD. CB depressed the EGTA-resistant contraction evoked by either Mg alone or with ATP during the earlier period of the exposure of the tissue to Ca-free solution (Figs. 5, 7) . In this respect, an argument made on CD action would be equally applicable. Here again, CB was most potent in causing depression in the EGTA-resistant contraction (Fig. 3) .
The CB action was more complex than CD, because the muscle tension developed in spite of the presence of CB when the exposure of the tissue to the Cafree solution was prolonged and/or CB application was repeated (Figs. 5, 7, 9) , which was not observed for the ordinary K-contracture (Fig. 5) . The EGTAresistant contraction could be evoked by raising the external K without adding any agonist, and the contraction was depressed when glucose was applied (Fig. 9B) . In contrast, the application of glucose potentiated the tonic contraction of ordinary Kcontracture (Fig. 9C) . The potentiation of tonic component of K-contracture by adding glucose has been known for smooth muscle tissues since the early report on guinea pig taenia coli (URAKAWA and HOLLAND, 1964) . Although details are unknown, the inhibitory effect of glucose on the EGTA-resistant contraction is compatible with the concept that CB inhibits the glucose transport (Lm et al., 1978; PLAGEMANN et a!.,1978) , hence the EGTA-resistant contraction was potentiated by CB. When the application of CB was repeated in the Ca-free solution, especially when application time was long, the muscle strip finally underwent an irreversible contracture. CD, a potent inhibitor of the contraction, was no longer capable of causing contractile depression (Fig. 9Ad) . This may suggest that the glucose transport system was irreversibly disturbed.
Although the present study is not sufficiently analytical, the following conclusions are at least deduced for the EGTA-resistant contraction of longitudinal myometrium of pregnant rat. 1) The EGTA-resistant contraction involves an Mgdependent process, which is activated by membrane depolarization, extracellular ATP and ADP, and is inhibited by glucose. 2) Actin filament "pool" which is more susceptible to cytochalasins appears to be related to the generation of EGTAresistant contraction.
